Skeletal muscle tissue engineering holds great promise for regenerative medicine[@b1][@b2]. The *in vivo* niche of skeletal muscle plays a crucial role in myogenic differentiation[@b3][@b4]. Skeletal muscles are composed of dense and oriented myocytes (muscle fibers) that are bundled into fascicles, which are further bundled together into muscles. Muscle fibers are sheathed by a perimysium that contains nerves and blood vessels. We believe that *in vitro* fabrication of fascicles, as a functional unit of skeletal muscle, is a promising approach for skeletal muscle tissue engineering because of the difficulty in forming perfusable blood vessels within *in vitro* tissue constructs to supply oxygen and nutrients[@b5]. The use of collagen as a three-dimensional matrix support is consistent with its role in native muscle, and the tension generated within collagen-based tissues is crucial for muscle development and formation of oriented muscular tissues[@b6][@b7]. We previously developed a "magnetic force-based tissue engineering (Mag-TE)"[@b8][@b9][@b10] technique, in which myoblast cells labeled with functionalized magnetic nanoparticles were concentrated to form highly cell-dense muscular tissues by applying a magnetic force[@b11]. To date, however, fully functional skeletal muscle tissue constructs have not been fabricated *in vitro* using this method.

Electrical impulse stimulation from the central nervous system via the motor neurons is the most important cue for skeletal muscle development and maturation[@b12]. We hypothesized that electrical pulse stimulation (EPS) mimics the electrical cues in the *in vivo* niche, allowing the creation of functional skeletal muscle tissues *in vitro*. It is well known that physiological electrical impulses can be modeled *in vitro* by tuning EPS parameters such as voltage amplitude, pulse width, and frequency. However, methodology for controlling these stimulation parameters to develop *in vitro* functional skeletal muscle tissues remains to be established. Inappropriate EPS parameters can result in electrochemical damage to the tissues. Too high voltages typically cause electroporation[@b13], which plays a greater role in electrochemical damage than pulse width. Electrical damage has been observed above 2.5 V/mm and at frequencies over 3 Hz[@b14]. Additionally, a previous study reported that the force production ability of myotubes decreased rapidly after termination of continuous EPS with changes in atrophy-related gene expression[@b15], indicating the importance of continuous EPS without rest. Therefore, in the present study, we investigated continuous EPS parameter ranges of 0.1--0.5 V/mm pulse amplitudes, 2--10 ms pulse widths, and 0.5--2 Hz frequencies.

Force production is the most important characteristics of muscle, which reflects its functionality and developmental maturity. The force production capability of muscle tissues is typically evaluated using physiological parameters, such as peak twitch force (Pt) and excitability. Excitability is measured by adjusting the stimulus intensity to produce a force of 50%Pt, and the resultant voltage required to elicit a 50%Pt is defined as rheobase[@b16]. Notably, this active tension measurement is a nondestructive test, unlike biochemical and histological analyses. In the past years, reports of the contractility data presented in terms of force have increased in number[@b11][@b17][@b18][@b19][@b20]. We hypothesized that fine-tuning EPS stimulation during *in vitro* myogenic differentiation culture would allow development of skeletal muscle tissue constructs with higher force production. Here, we introduce %Pt as an EPS parameter representing "load" on the tissue constructs during artificial exercise induced by continuous EPS. The aim of this study was to determine the optimum EPS protocol to create *in vitro* skeletal muscle tissues by monitoring force production.

Results
=======

Formation of electrically excitable tissue-engineered skeletal muscles on day 4
-------------------------------------------------------------------------------

*In vitro* tissue-engineered skeletal muscles composed of mouse myoblast C2C12 cells[@b21] were prepared using the Mag-TE technique ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}). We used mouse myoblast C2C12 cells to exclude non-myogenic cell types from the tissue constructs. C2C12 cells were magnetically labeled with magnetite cationic liposomes, which enabled us to concentrate the cells by magnetic force to form more densely packed, uniformly aligned, and thin (\~350 μm) fascicle-like structures surrounded by collagenous membranes compared with muscular tissues constructed by conventional gel-based techniques ([Supplementary Fig. S2a](#s1){ref-type="supplementary-material"}). Notably, although the force production profiles of both tissue constructs were similar ([Supplementary Fig. S2b](#s1){ref-type="supplementary-material"}), the specific force produced by the tissue constructs prepared using the Mag-TE technique was higher than that of the gel-based tissue constructs ([Supplementary Fig. S2c](#s1){ref-type="supplementary-material"}) owing to differences in their cross-sectional areas. Because the *in vitro* skeletal muscle tissues began to generate contractile force in response to EPS after 4 days of myogenic differentiation culture (day 4) ([Fig. 1a](#f1){ref-type="fig"}), we measured the contractile properties on day 4 of EPS culture. Low-frequency electrical stimulation at 0.5, 1, and 2 Hz induced individual twitch contractions ([Fig. 1b](#f1){ref-type="fig"}), while the additional activation of contractile elements, called tetanus, was observed after repeated stimulation with high-frequency electrical pulses at 50 Hz ([Fig. 1a](#f1){ref-type="fig"}). The twitch force at various voltages ([Fig. 1c](#f1){ref-type="fig"}) and pulse widths ([Fig. 1d](#f1){ref-type="fig"}) was measured, and we determined %Pt at different voltages (0.1, 0.3, and 0.5 V/mm) and pulse widths (2, 4, and 10 ms) ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"} and [Fig. 1e](#f1){ref-type="fig"}), as the load on tissue constructs induced by EPS.

The effects of EPS on *in vitro* skeletal muscle tissues from days 4 to 7
-------------------------------------------------------------------------

*In vitro* skeletal muscle tissues were cultured for 3 days after day 4 with continuous EPS at the various voltages and pulse widths shown in [Figure 1e](#f1){ref-type="fig"}, and peak twitch force was measured on day 7 ([Fig. 2a](#f2){ref-type="fig"}). When the tissue constructs were cultured with continuous EPS at 1 Hz, 0.3 V/mm, and 4 ms, the tissue constructs generated the highest peak twitch force of 41.7 ± 3.5 µN ([Fig. 2a](#f2){ref-type="fig"} and [Supplementary Fig. S4](#s1){ref-type="supplementary-material"}). Next, we rearranged the data in [Figure 2a](#f2){ref-type="fig"} on the basis of %Pt, and evaluated the effect of %Pt on force production. The force production peaked at 24.5%Pt and was drastically reduced in the tissue constructs cultured with EPS at 97.0%Pt ([Fig. 2b](#f2){ref-type="fig"}). Compared with 24.5%Pt EPS at 1 Hz, the force production was low when the tissue constructs were cultured with 0.5 or 2 Hz ([Fig. 2c](#f2){ref-type="fig"}). Moreover, compared with non-EPS tissue constructs, the amount of protein within tissue constructs cultured with 1 Hz EPS (0.3 V/mm, 4 ms) was significantly (*P* \< 0.05) higher ([Fig. 2d](#f2){ref-type="fig"}), whereas no difference (*P* = 0.28) was observed in the number of nuclei ([Fig. 2e](#f2){ref-type="fig"}). High EPS at 97.0%Pt (0.5 V/mm, 10 ms) caused a decrease in force ([Fig. 2c](#f2){ref-type="fig"}), protein content ([Fig. 2d](#f2){ref-type="fig"}), and the number of nuclei ([Fig. 2e](#f2){ref-type="fig"}), indicating electrochemical damage. Conversely, for 2 Hz EPS, the levels of force production, protein content, and nuclei number were similar to those of non-EPS tissue constructs ([Figs 2c--e](#f2){ref-type="fig"}), indicating an ineffective EPS level for tissue constructs from days 4 to 7.

The effects of EPS on *in vitro* skeletal muscle tissues from days 7 to 10
--------------------------------------------------------------------------

We next determined whether EPS signals could be tuned during the myogenic differentiation culture period. We examined the force production of the tissue constructs cultured with 1 Hz EPS at 24.5%Pt from days 4 to 7, and assessed %Pt for different EPS conditions on day 7 ([Fig. 3a](#f3){ref-type="fig"}). Because the optimum EPS condition was found to be 24.5%Pt for days 4 to 7, EPS was set at 24.5%Pt on day 4 and then changed to \~20, \~50, or \~80%Pt on day 7 ([Supplementary Fig. S5](#s1){ref-type="supplementary-material"}) and applied for 3 days ([Fig. 3b](#f3){ref-type="fig"}). On day 10, the tissue constructs stimulated with EPS at \~50%Pt demonstrated the highest force production ([Fig. 3c](#f3){ref-type="fig"}). The changes in force production were dependent on %Pt, regardless of electrical signal parameters such as pulse voltage and width ([Fig. 3c](#f3){ref-type="fig"}).

The effects of EPS on *in vitro* skeletal muscle tissues at day 14
------------------------------------------------------------------

The optimum EPS protocol that started with \~20%Pt at day 4 and then changed to \~50%Pt at day 7 was determined when the tissue constructs were cultured with continuous 1 Hz EPS at a pulse amplitude of 0.3 V/mm and a width of 4 ms ([Fig. 3](#f3){ref-type="fig"}). After establishing the EPS parameters, we next examined the effects of a 10-day continuous EPS exposure on the functions of *in vitro* tissue-engineered muscle tissues. The force production increased linearly with culture time, resulting in a 4.5-fold increase in force at day 14 compared with non-EPS tissue constructs ([Fig. 4a](#f4){ref-type="fig"}). During the continuous EPS culture from days 4 to 14, EPS production was 24.5 ± 2.0%Pt on day 4, increased to 54.1 ± 7.6%Pt on day 7, and remained steady at 50\~60%Pt on days 7 to 14 ([Fig. 4b](#f4){ref-type="fig"}), indicating that low-intensity EPS was effective during the early stage of myogenic differentiation on day 4. For EPS tissue constructs, a rapid decrease in rheobase from days 4 to 7 indicated a marked increase in excitability during the early stage of myogenic differentiation ([Fig. 4c](#f4){ref-type="fig"}). Western blotting of EPS tissue construct extracts revealed a substantial increase in the expression of myosin heavy chain (MHC) and tropomyosin from days 4 to 7 ([Fig. 4d](#f4){ref-type="fig"}). These results suggest that EPS is an effective cue for myogenic differentiation. Similarly, prominent striation patterns containing sarcomeric α-actinin were observed in EPS tissue constructs on day 14 ([Fig. 4e](#f4){ref-type="fig"}). Compared with non-EPS tissue constructs ([Supplementary Video 1](#s1){ref-type="supplementary-material"}), EPS tissue constructs showed vigorous contraction in response to electric stimulation ([Supplementary Video 2](#s1){ref-type="supplementary-material"}). When tissue constructs were cultured with the optimized EPS protocol determined here, the maximum twitch and tetanus force at day 14 were 116.7 ± 14.7 µN and 182.4 ± 33.0 µN ([Fig. 4f](#f4){ref-type="fig"}), respectively.

Discussion
==========

EPS is known to enhance the maturation of the muscle cells, including myoblast cells[@b14][@b22] and cardiomyocytes[@b23][@b24]. Radisic *et al*. reported that continuous EPS (0.5 V/mm, 2 ms, 1 Hz) that are characteristic for native myocardium resulted in the progressive development of conductive and contractile properties in cardiac constructs over 8 days of culture[@b25]. In the present study, we determined an optimized protocol for EPS, in which the skeletal muscle constructs were cultured at pulse amplitude of 0.3 V/mm, width of 4 ms, and frequency of 1 Hz for 10 days ([Fig. 4](#f4){ref-type="fig"}). Unlike *in vivo* neural stimulation in which action potential is propagated along the surface of the muscle cell membrane, EPS with pulse width longer than 0.4 ms causes direct calcium release from the sarcoplasmic reticulum[@b26]. In the present study, the optimized protocol for EPS was obtained by using a longer pulse width (4 ms, [Fig. 4](#f4){ref-type="fig"}), which may be different from *in vivo* neural stimulation. In the future, the *in vitro* skeletal muscle tissues will have to be adapted and refined, for example, by co-culturing with motor neurons to improve the comparability of the tissue-engineered constructs with *in vivo* muscle. Recently, Khodabukus and Baar reported that continuous 24-h EPS to 14-day culture tissue constructs at pulse amplitude of 1 V/mm and width of 4 ms, which corresponded to 100%Pt, resulted in a 2-fold increase in force[@b27], suggesting that high %Pt may be required to increase force production when using short-duration, acute EPS. However, we demonstrated here that low %Pt was effective for long-duration, chronic EPS, as we achieved a 4.5-fold increase in force by low %Pt EPS culture ([Fig. 4a](#f4){ref-type="fig"}) without a reduction in force production due to electrochemical damage.

In the present study, we showed that EPS at the same %Pt increased force production to similar levels, independent of changes in pulse amplitude and/or width ([Fig. 3c](#f3){ref-type="fig"}), indicating that the "load" on the tissue constructs played a crucial role indeed in the increased force production. For *in vivo* muscle, strength training is dependent on the load across the muscle during exercise[@b28]. It is difficult to directly compare the effects of *in vivo* exercise and the effects of EPS culture on *in vitro* tissue-engineered skeletal muscle constructs. However, our tissue culture model employing EPS may be useful not only for analyzing myogenic differentiation in the field of skeletal muscle tissue engineering, but also to study EPS treatment for skeletal muscle atrophy caused by mechanical unloading after denervation, aging, or spaceflight because there are many similarities between embryonic muscle development and adult muscle regeneration[@b29].

Because *in vitro* tissue-engineered skeletal muscles are in an early developmental state, the increased force production by EPS is most likely caused by organization of the sarcomeres[@b22] and expression of MHC[@b30]. Force production capability, which is the most important characteristic of skeletal muscles, reflects both the expression level of MHC ([Fig. 4d](#f4){ref-type="fig"}) and sarcomere structure ([Fig. 4e](#f4){ref-type="fig"}), making it an ideal indicator of the extent of myogenic differentiation and maturation. Additionally, because the active tension measurement is a nondestructive test, EPS parameters can be tuned during myogenic differentiation culture as *in vitro* skeletal muscle tissues develop. In the present study, we started EPS culture on day 4 and changed EPS parameters every 3 days (on day 7 and day 10) ([Figs. 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}). In the future, real-time control of EPS by monitoring force production as %Pt may be a useful approach to fabricate tissue-engineered functional skeletal muscle constructs *in vitro*.

In conclusion, we proposed the novel concept of using %Pt as the load on tissue constructs, which may be a useful approach to fabricate tissue-engineered functional skeletal muscle constructs. In the present study, we determined the optimum EPS to create *in vitro* skeletal muscle tissues by measuring the force production during myogenic differentiation culture. While the concepts regarding the %Pt may be quite useful, the mechanism remains to be elucidated and the optimum EPS may vary due to the materials and methods including cells, tissue fabrication technique and culture conditions. Currently, effects of the optimum EPS culture on primary myoblasts are being investigated.

Methods
=======

Fabrication of *in vitro* skeletal muscle tissues
-------------------------------------------------

As previously described[@b31], magnetite cationic liposomes (MCLs) were prepared from colloidal magnetite and a lipid mixture consisting of *N*-(α-trimethylammonioacetyl)-didodecyl-D-glutamate chloride, dilauroylphosphatidylcholine, and dioleoylphosphatidyl-ethanolamine, in a molar ratio of 1:2:2. The magnetite nanoparticles (Fe~3~O~4~; average particle size: 10 nm) were obtained from Toda Kogyo (Hiroshima, Japan). The magnetic characteristics at 796 kA/m (room temperature) were 2.0 kA/m coercivity, 63.9 Am[@b2]/kg saturation flux density, and 2.6 Am[@b2]/kg remanent flux density.

To magnetically label the C2C12 cells, 7 × 10^5^ cells were seeded in 100-mm tissue culture dishes containing 10 mL of culture medium in the presence of MCLs (net magnetite concentration: 100 pg/cell), and incubated for 8 h to allow for MCL uptake. The *in vitro* skeletal muscle tissues were prepared as previously described[@b32]. The incubation scheme is illustrated in [Supplementary Figure S1](#s1){ref-type="supplementary-material"}. Briefly, a polycarbonate cylinder (diameter: 12 mm) was fixed with an adhesive to the center of a well of a 24-well ultralow-attachment culture plate (Corning, New York, NY, USA). MCL-labeled C2C12 cells (1 × 10^6^ cells) were seeded into the ring-shaped gap, and a cylindrical neodymium magnet (diameter: 30 mm; height: 15 mm; magnetic induction: 0.4 T) was placed under the well. Next, the cells were cultured in growth medium consisting of Dulbecco\'s-modified Eagle\'s medium (DMEM), supplemented with 10% fetal bovine serum, 100 U/mL penicillin G potassium, and 0.1 mg/mL streptomycin sulfate, for 12 h to allow for the formation of a ring-shaped cellular construct. After 12 h culture, 0.1 mL of an extracellular matrix solution consisting of 0.04 mL of type I collagen (1.1 mg/mL; Nitta Gelatin, Osaka, Japan), 0.01 mL of the growth medium, and 0.05 mL of Matrigel (4.4 mg/mL; BD Biosciences, Franklin Lakes, NJ, USA) were poured into the well and then quickly replaced with culture medium to coat the tissue construct with extracellular matrix. After 4 h, the ring-shaped tissue construct was removed from the polycarbonate cylinder and hooked around two stainless-steel minutien pins (0.3 mm diameter; Shiga, Tokyo, Japan) and fixed 6 mm apart from one another on a silicone rubber sheet in a 35-mm culture dish. To induce myogenic differentiation, the tissue constructs were cultured in differentiation medium consisting of DMEM supplemented with 0.4% Ultroser G[@b33] (Pall, East Hills, NY, USA), 100 U/mL penicillin G potassium, and 0.1 mg/mL streptomycin sulfate.

As a control, tissue constructs were prepared without using MCLs and magnetic force by a gel-based method. C2C12 cells (1 × 10^6^ cells) suspended in the extracellular matrix solution (0.3 mL) were added into the ring-shaped gap, and cultured in the growth medium. After 12 h, the cellular ring was removed from the polycarbonate cylinder and hooked around the stainless-steel minutien pins (Shiga) in a 35-mm culture dish. To induce myogenic differentiation, the cellular rings were cultured for 4 days in the differentiation medium.

Tension measurement
-------------------

Active tension generated by muscular tissues was measured as described previously[@b11]. Briefly, carbon electrodes were placed 18 mm apart at opposite sides of a tissue culture plate. An *in vitro* skeletal muscle tissue was hooked around two stainless-steel minutien pins: one pin was attached to a force transducer (AE-801; SensorOne, Sausalito, CA, USA) and the other was fixed to the silicon rubber sheet placed on the bottom of the culture plate well. The generation of electric pulses was controlled by a customized LabView interface (National Instruments, Austin, TX, USA). When measuring peak twitch force, the tissue construct was stimulated with an electric pulse of 0.83 V/mm and width of 10 ms. When measuring tetanic contraction, the tissue construct was stimulated with electric pulses of 0.83 V/mm voltage, 10 ms width, 50 Hz frequency, and 2 s duration. The frequency response of the tissue constructs was evaluated by applying a pulse amplitude of 0.83 V/mm, width of 10 ms, and frequencies of 0.5, 1, or 2 Hz. The excitability of tissue constructs was measured by first applying a 10-ms single stimulus pulse while adjusting the stimulus intensity to achieve a force of 50%Pt. The resulting voltage required to elicit a 50%Pt was defined as rheobase.

Electric pulse stimulation during tissue culture
------------------------------------------------

Four days after the induction of differentiation, the *in vitro* skeletal muscle tissues in a 4-lane or 6-well plate were placed in a chamber (C-Dish; IonOptix, Milton, MA, USA) to apply EPS. The tissue constructs were placed between two carbon electrodes placed 74.7 mm (4-lane plate) or 20.3 mm (6-well plate) apart. Bi-directional electric pulses were generated by a function generator (NF Corporation, Kanagawa, Japan), alternator (Matsusada Precision, Shiga, Japan), and amplifier (Apex Microtechnology, Tucson, AZ, USA). The differentiation medium was replaced daily.

Histology
---------

Tissues were washed three times with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde (PFA) in PBS, and embedded in paraffin. Thin sections (4 μm) were prepared, stained with hematoxylin and eosin, and then observed under a BZ-9000 microscope (Keyence, Tokyo, Japan). Prior to immunostaining, tissues were washed with PBS and fixed in 4% PFA for 15 min. They were then permeabilized in PBS containing 0.2% Triton X-100 for 15 min, washed three times with PBS, and blocked in PBS containing 1% (w/v) bovine serum albumin (BSA) for 30 min. The specimens were probed with a primary antibody against α-actinin (A-7811, monoclonal anti-α-actinin EA-53; Sigma-Aldrich, St. Louis, MO, USA) for 45 min. Next, they were washed three times with PBS and immersed in PBS containing 1% BSA, an Alexa488-conjugated secondary antibody (Life Technologies, Carlsbad, CA, USA), and Alexa546-phalloidin (Life Technologies) for 45 min. The specimens were washed three times with PBS and observed under a FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan). Microscopic images of five fields per sample were randomly captured.

Measurement of total protein and cell nuclei
--------------------------------------------

Tissue constructs were washed with PBS, and cellular proteins were extracted from the tissue constructs by homogenization and freeze thawing. The total protein concentration was determined by the bicinchoninic acid method. The total number of nuclei in the tissue construct was counted using NucleoCassette™ and NuceloCounter (Chemometec, Allerød, Denmark).

Western blot analysis
---------------------

Protein samples (20 µg) were mixed with SDS-PAGE sample buffer containing 2-mercaptoethanol and boiled at 100°C for 5 min. The samples were then electrophoresed on a 6% (for MHC) or 12% (for myogenin, tropomyosin, and GAPDH) acrylamide gel and the proteins were then transferred to a polyvinylidene-fluoride membrane (GE Healthcare, Buckinghamshire, UK). After blocking with 5% skim milk in Tris-buffered saline containing 0.05% Tween 20 at 4°C overnight, the membrane was incubated with anti-myogenin (F5D; Abcam, Cambridge, UK), anti-MHC (H300; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-tropomyosin (TM-311; Abcam), or anti-GAPDH (14C10; Cell Signaling Technology, Danvers, MA, USA) for 1 h. The specific antibodies were detected using horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) and a chemiluminescence detection kit (ECL detection system; GE Healthcare).

Video capture
-------------

The 14-day culture tissue constructs were stimulated with electric pulses of 0.83 V/mm, 10 ms, and 1 Hz. Microscopic images of the contracting tissue constructs were recorded with a BZ-9000 microscope (Keyence). The videos were edited with time-lapse analysis software (Keyence).

Statistical analysis
--------------------

The differences between two groups were analyzed using the Mann--Whitney rank sum test. The difference among multiple groups was analyzed using one-way ANOVA followed by post-hoc Tukey\'s multiple-comparison test. Data were considered statistically significant when *P* \< 0.05.
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![Formation of electrically excitable tissue-engineered skeletal muscles at day 4.\
(a) A representative peak twitch force using a single electric pulse (red line; voltage: 0.83 V/mm, width: 10 ms) and fusion of tetanus (blue line; voltage: 0.83 V/mm, width: 10 ms; frequency: 50 Hz, duration: 2 s) generated by the *in vitro* skeletal muscle tissue constructs. (b) The force-frequency diagram for the tissue construct. Electric stimulations (voltage: 0.83 V/mm, width: 10 ms) with frequencies of 0.5, 1, or 2 Hz were applied to the tissue construct and twitch forces were monitored. (c) The effect of pulse voltage on force production. Using a 10-ms pulse width, the voltage was incrementally increased (mean ± SD of three constructs). (d) The effect of pulse width on force production. Using a 0.5 V/mm voltage, the pulse width was incrementally increased (mean ± SD of three constructs). (e) The percentage of peak twitch force (%Pt) generated by the *in vitro* skeletal muscle tissues. To determine 100%Pt, peak twitch force was measured by using a single electric pulse at 0.83 V/mm and 10 ms, and %Pt at each electric stimulation was determined by measuring the peak twitch force. %Pt increased proportionately within the range of electric pulses tested (voltage: 0.1--0.5 V/mm; width: 2--10 ms).](srep04781-f1){#f1}

![The effects of EPS on *in vitro* skeletal muscle tissues from days 4 to 7.\
(a) Peak twitch force generation of EPS-treated tissue constructs on day 7. The tissue constructs were cultured with continuous 1 Hz EPS at various voltages (0.1, 0.3, or 0.5 V/mm) and pulse widths (2, 4, or 10 ms) for 3 days starting on day 4, and peak twitch force was measured on day 7 using a single electric pulse (voltage: 0.83 V/mm, width: 10 ms). (b) Relationship between %Pt at day 4 and force production at day 7. Data are shown as mean ± SD of three constructs. \**P* \< 0.05 vs. 0%Pt. (c--e) The effects of EPS frequency during myogenic differentiation on the force production (c), the amount of protein (d), and the number of nuclei (e) in the tissue constructs at day 7. The data are expressed as mean ± SD of three constructs. \**P* \< 0.05 vs. non-EPS constructs.](srep04781-f2){#f2}

![The effects of EPS on *in vitro* skeletal muscle tissues from days 7 to 10.\
(a) %Pt of the EPS-treated tissue constructs on day 7. The tissue constructs were cultured with 1 Hz EPS at 0.3 V/mm and 4 ms from days 4 to 7, and %Pt was evaluated on day 7. Circles: 2 ms; triangles: 4 ms; squares: 10 ms. Data are shown as mean ± SD of three constructs. (b) EPS protocol during myogenic differentiation culture. (c) EPS culture was started at 24.5%Pt on day 4, changed to \~20%Pt (20.8 ± 3.4%Pt or 21.2 ± 5.0%Pt), \~50%Pt (54.1 ± 6.7%Pt or 54.1 ± 7.6%Pt), or \~80%Pt (79.4 ± 3.3%Pt or 79.5 ± 4.2%Pt) on day 7, and then force production was measured on day 10. Data are shown as mean ± SD of three constructs. Columns that were statistically indistinguishable (*P \> 0.05*) are marked with the same letter.](srep04781-f3){#f3}

![The effects of EPS on *in vitro* skeletal muscle tissues at day 14.\
The tissue constructs were cultured with continuous 1 Hz EPS at 0.3 V/mm and 4 ms from days 4 to 14. (a) The time course of force production by tissue constructs cultured with (closed circles) or without (open circles) continuous EPS. The data are expressed as mean ± SD of three constructs. \**P* \< 0.05 vs. non-EPS constructs. (b) The time course of %Pt in the tissue constructs cultured with continuous EPS from days 4 to 14. The data are expressed as mean ± SD of three constructs. (c) The time course of rheobase in the tissue constructs cultured with (closed circles) or without (open circles) continuous EPS from days 4 to 14. The data are expressed as mean ± SD of three constructs. \**P* \< 0.05 vs. non-EPS constructs. (d) The expression profiles of muscle-specific proteins (myogenin, myosin heavy chain, and tropomyosin) in the tissue constructs by western blot during differentiation with (+) or without (−) continuous EPS from days 4 to 14. (e) Immunostaining of the 14 day-culture tissue constructs for α-actinin (green) and F-actin (red) cultured without (left) or with (right) continuous EPS. Upper photographs are magnified images. Scale bars, 50 μm (magnified images, 10 μm) (f) Representative peaks of the twitch force (left) using a single electric pulse (voltage: 0.83 V/mm, width: 10 ms) and fusion of tetanus (right) stimulated with multiple electric pulses (voltage: 0.83 V/mm, width: 10 ms, frequency: 50 Hz, duration: 2 s). Tissue constructs were cultured without (blue lines) or with (red lines) continuous EPS.](srep04781-f4){#f4}
